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ABSTRACT 
 
For this paper, molding- and casting-based microfabrication of metal microstructures was 
developed in order to replicate the acoustic cloak. The metal was cast into a stretchable PDMS 
mold, which was cast from micromachined aluminum cloak. For the PDMS mold, the mold 
release agent, trichlorosilane ([tridecafluoro-1,1,2,2-tetrahydrooctyl] trichlorosilane), was 
enhanced to imprint the micro-sized features of aluminum cloak in a circular area with a 
diameter of 105mm.  
This micromold process with trichlorosilane was also demonstrated by casting silicone 
rubber into original acoustic cloak. The low-temperature metal alloy, CerroBend, was used to 
microcast the metamaterial networks at a melting point of 70°C. Some damaged replicas were 
prepared to investigate defects in the cloak, and the performance of the broken cloak was 
estimated by the acoustic measurement in the water at an operating frequency of 60 kHz. We 
demonstrated that the broken cloak could accomplish the cloaking function depending on the 
direction of defects. Moreover, this study of microcasting process for the mass production and 
investigation of the defects in the acoustic cloak may apply to the understanding of the broken 
symmetric effects of an acoustic metamaterial.  
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CHAPTER 1 
INTRODUCTION 
Metamaterials have been one of the most attractive research fields in the last decade, 
since the properties of the material are challenging to obtain in nature. The artificially engineered 
metamaterials have been noted to manipulate electromagnetic (EM) wave propagations [1]. The 
geometrically designed artificial “atoms” can arbitrarily change the dielectric permittivity ε and 
magnetic permeability μ in order to create electric and/or magnetic resonances that correspond to 
incident EM radiation [2, 3].  
In the early stage of EM metamaterial research, researchers focused on the negative 
refractive index medium which requires both negative ε and μ. In 2000, the left-handed 
transmission peak at microwave frequency was demonstrated by combining the array of split-
ring resonators and wires [4]. Also, the negative index of refraction was experimentally verified 
[5]. Many different kinds of metamaterials were designed, such as the single negative, 
bianisotropic, and chiral metamaterials [6, 7, 8]. Based on the design of metamaterials, several 
applications have been created such as a perfect lens [3], an invisibility cloak [9], and an EM 
wave absorber [10]. 
Since these electromagnetic metamaterials operate in the gigahertz, terahertz and 
ultimately optical frequencies, the size of the unit cell ranges from a nanometer up to a 
centimeter. In order to make such small and fine structures, photolithography, ink-jet printing, 
and laser printing are broadly used [11, 12, 13, 14]. 
While the EM metamaterials have been studied in both theoretical and experimental 
ways, basic physics have been applied to acoustic metamaterials. In acoustic metamaterials, the 
dielectric permittivity ε and magnetic permeability μ correspond to the effective density ρ and 
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bulk modulus β. The engineered materials with both negative ρ and β were experimentally 
demonstrated [15, 16, 17]. Because the acoustic metamaterial was inspired by EM metamaterial, 
the acoustic wave equation is transformation invariant, and the acoustic wave can be controlled 
and bent using acoustic metamaterials which have anisotropic mass density [18].  
Several designs and applications of acoustic metamaterial have been proposed, such as 
locally resonant sonic crystals [19], concentric multilayer of isotropic sonic crystals [20, 21], 
rigid inclusions disposed in an array [22,23], arrays of fluid cavities joined by piezoelectric 
edges[24] , Helmholtz resonators with piezoelectric diaphragms [25], transmission line-based 
superlens [26], and an acoustic cloak [27]. 
The operating frequency band of acoustic metamaterials is from megahertz to ultimately 
sound frequency (20 hertz to 10 kilohertz). These operating frequencies correspond to the meter 
size of wavelengths. Therefore, the unit cells of acoustic metamaterials, which have sub-
wavelength features, are millimeter or micrometer structures. For these relatively large 
structures, we cannot apply EM fabrication but rather micromachining [26, 27] or micromolding 
processes [28].  
Several replicas of an acoustic cloak were required in order to investigate the defects on 
acoustic scattering within the cloak. The original cloak was made by a micromachining process, 
which is expensive and slow. In this paper, we overcome the mass production problems using a 
metal microcasting process that can be done in less time and at lower cost.  
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CHAPTER 2 
 
DEVELOPING MOLDING PROCESS  
FOR ACOUSTIC CLOAK 
Our strategy for replicating the machined acoustic cloak is to make the silicone mold imprinted 
with the original features of acoustic cloak and then to cast metal into the imprinted silicone 
mold, as shown in Figure 1. 
 
Figure 1. Overall process for microcasting PDMS and metal 
 
 The silicone mold was made by pouring the polydimethylsiloxane (PDMS) silicone, Sylgard 
184 by Dow Corning, onto the original acoustic cloak. The mixed PDMS (base 10: agent 1) was 
pre-degassed in the desiccators. Before pouring the PDMS on the acoustic cloak, the mold 
release agent, trichlorosilane ([tridecafluoro-1,1,2,2-tetrahydrooctyl] trichlorosilane), was coated 
onto the original aluminum acoustic cloak by putting 2 or 3 drops of trichlorosilane in another 
container and the original acoustic cloak together into the desiccator for 20 minutes. This helped 
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to release the cured PDMS from the aluminum device [29]. The wall around the acoustic cloak 
was required to pour and confine the PDMS on the cloak device. Tape with a width of 1.5cm was 
enclosed and attached to the cloak device. By doing this method, the tape worked as a wall with 
1.5cm height which thus held the PDMS without any leaking. However, this tape method could 
not be applied to the metal casting since the tape could not contain the dense and hot molten 
metal. Thus, the PDMS mold had to have its own wall in order to recast the metal into the PDMS 
mold.  
The original cloak was placed in a plastic Petri dish with a diameter of 140 mm and a 
height of 20 mm. The flat side of the original acoustic cloak faced the bottom of the dish, so, 
since the height of the aluminum cloak was 3mm, the wall could be built beyond the 3mm height. 
In other words, the PDMS mold could be up to 20mm thick with up to 3mm of engraved features 
wherein the molten metal would fill in a later step. The mixed PDMS was poured on the coated 
acoustic cloak in the plastic Petri dish. The Petri dish with PDMS and acoustic cloak was placed 
into the high vacuum desiccators, -10 psi (Douseal Pump), for 30 minutes to degas the air 
bubbles from both PDMS itself and the trapped air between the acoustic cloak and the PDMS. 
Removing the bubbles between the cloak and the PDMS was essential to imprint the 
microstructure of the cloak onto the PDMS. The PDMS can be cured at different temperatures 
and durations. Usually, the higher the temperature, the less time is needed. However, in our case, 
the PDMS was cured at room temperature for 48 hours since the trichlorosilane started 
vaporizing and creating bubbles at the interface between the acoustic cloak and the PDMS above 
31.8°C.  
After curing the PDMS, the PDMS was easily peeled off from the acoustic cloak because 
of the trichlorosilane coating. The plastic Petri dish was also detached easily from the cured 
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PDMS. All of machined features of the acoustic cloak were imprinted to the PDMS mold. The 
imprinted features of the PDMS mold in Figure 2 were the negative or reciprocal features of the 
acoustic cloak. 
       
 
 
Figure 2. PDMS mold with microstructures imprinted. (A) The original acoustic cloak. (B) The PDMS mold 
imprinted microstructures. (C) Comparison of overall size between acoustic cloak and PDMS mold. 
 
Since the properties of metamaterials are dependent on the size of the features, many 
acoustic metamaterials with different properties could be created from only one mold by 
stretching the PDMS mold. The PDMS could have elongation ratio of 1.6, which means the 
PDMS could be stretched up to 160% of its original shape. For this study, another polymer 
material was used for a significant change in size in order to make a mold with the same 
procedure. A silicone rubber was chosen because it has a high elongation ratio, up to 11. This 
experiment demonstrated that our recipe could apply to different polymer materials in order to 
make the polymer mold with imprinted microstructures. For this silicone rubber mold, the 
(A) (B) 
(C) 
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trichlorosilane was also used as the mold release agent and the silicone rubber was easily peeled 
away from the plastic dish. As shown in Figure 3, all of the microstructures of the original cloak 
were transferred to the silicone rubber, and the mold was stretched in order to change the 
dimensions of the microstructures.  
 
 
 
 
Figure 3. Stretchable silicone rubber mold. (A) Comparison of the overall size between original cloak and silicone 
rubber mold. (B) High elongation silicone rubber 
 
The PDMS mold was created to cast the metal into the mold, and, finally, the acoustic 
cloak was replicated via this casting method. The metals used for replicating an acoustic cloak 
containing micro-sized features from 100µm to 2mm have been studied for the microcasting 
process [30]. Also, the metals were selected for their low-melting temperature characteristic, 
since the working temperature range of our PDMS molds was about 350°C. Specifically, 
(A) 
(B) 
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CerroBend, a commercially available alloy, is composed of 50% bismuth, 26.7% lead, 11.3% tin, 
and 8.5% cadmium. CerroBend has the melting point at 70°C and Brinell hardness of 9.2. Also, 
it sustained a compressive strength of 28 MPa for 5 min [31]. The CerroBend was melted and 
heated by the hot plate at 135°C, which was 65° higher than the melting point in order to keep 
the CerroBend hot enough to remain liquid while the metal was pouring onto the PDMS mold. 
At the same time, a vacuum oven also heated the PDMS mold up to 135°C. After the molten 
metal was poured onto the silicone mold, the vacuum oven heated the molten metal up to 200°C 
which maintained the metal in a liquid phase and degassed the molten metal with vacuum 
pressure -30”hg for an hour. The bubbles came out from the interface between molten metal and 
silicone mold during degassing process. The vacuum oven was then vented to atmosphere 
pressure after the degassing process. The venting process also reduced the remaining bubbles 
inside the metal. These two processes, especially the degassing process with high vacuum 
pressure, were essential steps to wet the CerroBend on the microstructured PDMS since the 
spaces of bubbles were filled by the molten metal although the surface tensions of CerroBend (σ: 
380 mN/m) [32] and PDMS (σ: 20 mN/m) [33] were considerably different.  
After the metal cooled, the PDMS mold was easily peeled away from the solidified metal. 
Consequently, the molten metal was fully wetted on the PDMS and embodied the 
microstructures on the solidified metal without any missing parts, as shown in Figure 4. 
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Figure 4. Replica of acoustic cloak with acoustic metamaterial network imprinted. (A)The original acoustic cloak. 
(B) The replica of acoustic cloak made of CerroBend. 
 
This well-defined recipe was established after several trials. As shown in Figure 5, the 
four different methods were applied preceding the metal casting. The first metal cast, Figure 
5(A), was created melting the metal close to the PDMS mold. A soldering gun was used to melt 
the metal just above the PDMS mold, and we expected that the molten metal would have 
dropped onto the mold and filled the microstructures locally. It seemed that some of the micro 
features were built in the metal but they were not perfectly imprinted because of the surface 
tension problem. Also, the second metal cast, Figure 5(B), had the same surface tension problem 
even though the metal was melted by the hotplate and poured onto the mold all at once. In order 
to overcome the difference of the surface tensions between the PDMS and molten metal, external 
pressure was applied to the molten metal, in Figure 5(C). After the molten metal was poured onto 
the PDMS mold, a flat aluminum plate was used to cover the molten metal and was pressed by a 
heavy mass in order to squeeze the molten metal. Some of the microstructures were perfectly 
impressed on the metal cast but not all. The squeezing method could not imprint all of the 
microstructures over the area at a time since the external pressure, especially through the molten 
metal, was hard to control in order to distribute sufficient force to the interface in order to 
(B) (A) 
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overcome the surface tension. The vacuum oven was used in the Figure 5(D) to remove the 
bubbles from the interface. Even though the vacuum and cooling period was not enough to 
imprint all of the features, this method helped to build more microstructures on the metal than 
others. After these trials, the final recipe, described above, was created to produce the metal cast.  
 
 
In order to explore the tolerance of the acoustic cloak, two broken replica samples were 
prepared. The first sample was an almost-perfect replica of the original acoustic cloak except for 
some of the defects of the microstructures, as shown in Figure 6(A). The other sample was more 
damaged, thus one-eighth of the replicated acoustic cloak was melted and modified by the 
soldering step, shown in Figure 6(B). These broken acoustic cloaks were tested in the same way 
as the original cloak was tested. Also, the broken and original cloaks were compared to 
demonstrate how well they could fulfill the cloaking function. 
Figure 5. Metal casting in 4 different conditions. (A) The molten metal using soldering gun was dropped onto 
PDMS mold.  (B) The molten metal using hotplate was not pressed by any external force. (C) The molten metal 
using hotplate was pressed by external force. (D) The molten metal using hotplate was placed into vacuum oven. 
5 cm 
(A) (B) (C) (D) 
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Figure 6 (A). Almost perfect replica of acoustic cloak with some defects on the metamaterial networks. (B) The 
replica of acoustic cloak with one eighth opening.   
The original unit cell of our cloak device is constructed by the Helmholtz resonators with varied 
dimensions, as shown in Figure 7(A). The channels and cavity in this unit cell can be treated 
equivalently to the inductance and capacitor shown in Figure 7(B). The array of the unit cells can 
be considered as a network of capacitance and inductance arrays. The effective value of 
inductance and capacitance are the functions of the resonator’s geometry, which is described as    
                                                         
    
  
    
    
  
   
 
    
                                (1) 
The corresponding effective mass density and effective compressibility are 
                                                    
    
  
         
    
   
      
   
    
.                       (2) 
The facilitation of the experimental realization form of the cloaking parameters is shown in 
Figure 7(C).  
(A) (B) 
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Figure 7. (A) One building block of the acoustic cloaking device. Each unit cell consists of one large cavity in the 
center with channels connecting to the four neighboring blocks. (B) The corresponding circuit model. (C) The 
simplified parameters for the cloaking design in the real experiment.  
 
These dimensions of unit cell determine the function of the cloaking device. Since we used 
mold-and-cast processes in order to make the replica, the dimensions of each unit cell in our 
replica were slightly different from the original device. Physical loss of materials from the 
demolding process and non-perfect wetting conditions between two different materials due to the 
surface tensions could be reasons for the dimensional discrepancy. However, the microstructures 
were well imprinted onto our replica, so we assumed that there were no physical losses. Also, we 
assumed that materials at the interface were fully wetted since a strong vacuum was used to 
overcome the mismatch of surface tensions as we discussed before. The most likely factor which 
can explain dimensional discrepancy is thermal expansions of materials.  
For the first casting process, there were no effects of thermal expansion because we used 
room temperature to get the PDMS mold from the original device. However, the operating 
temperature for the molten metal was up to 200°C whereupon both the PDMS and CerroBend 
expanded. Since the coefficient of thermal expansion (CTE) of cured PDMS is very high, 
310ppm/°C, we had to consider the change of dimensions by thermal expansion.  We could not 
(A) (B) (C) 
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measure the exact different dimensions of the unit cell but estimated the differences calculating 
the thermal expansion of each material, PDMS and CerroBend. Since cured PDMS has much 
higher CTE than CerroBend, 22ppm/°C, our replica from PDMS mold should be bigger than the 
original cloaking device. The PDMS mold was expanded by 0.062µm/m at 200°C which means 
the elongation of the PDMS mold at 200°C was 6.2%. Also, the CerroBend expanded with an 
elongation of 0.44% at 200°C. In other words, the CerroBend shrank by 0.44% when the 
materials cooled to room temperature. Therefore, the total elongation from the original cloaking 
device to the final CerroBend replica was calculated as          
                                                                                                   (3) 
Since the function of cloaking device depends on the size of unit cell, the elongation of our unit 
cell in replica would change the cloaking parameters. As each side of the unit cell increased by 
5.16%, the cloaking parameters were calculated: 
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CHAPTER 3 
ACOUSTIC EXPERIMENTAL SETUP AND EXPERIMENTS 
 
In order to demonstrate cloaking performance, an object was placed in a water tank, and the 
wave fronts of the propagating ultrasound were measured with and without the surrounding of 
the original cloak. The edge of the water tank was made of glass and covered with wave-
absorbing rubber to minimize any reflection. The size of the object was the same size as the inner 
radius of the acoustic cloak. The object was made of a steel cylinder. Since the impedances were 
highly different between not only water and air but also between water and glass, the two-
dimensional waveguide was formed to propagate the ultrasound wave. In other words, our 
experimental constraints were that the ultrasound wave must have propagated only in the water, 
not in the glass. The side of acoustic cloak which included the machined metamaterial network 
faced the bottom of the tank. Thus, the metamaterial networks which contained the capacities 
and channels were filled by water. The ultrasound source point was launched by a spherical-
shaped transducer (Tektronix AFG 310) and placed at a distance of 165mm (about 6.5 
wavelengths of 60 kHz) away from the center of the acoustic cloak. The transducer burst 20 
periods of sine waves at 60 kHz. The acoustic cloak could perform for the broadband frequencies, 
theoretically from 40 to 80 kHz, because the acoustic cloak was designed by nonresonant 
elements [27].  
In our experiment, the working frequency of ultrasound was limited at 60 kHz. Two 
function generators were used to produce 20 periods of 60kHz sine waves and 1Hz of the square 
purse. The square purse from a function generator triggered both the other function generator to 
generate 20 purses and the digital oscilloscope (Agilent DSO6104A) to read the acoustic signal. 
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In the entire experiment, tap water was used to fill the tank to a 2mm height, and the constant 
height of water was maintained by feeding the water.  
In order to test the acoustic cloak effect, the ultrasound wave should have propagated via 
the metamaterial network in the medium, which in our case was water. Therefore, it was 
essential that the height of water (2mm) should be lower than the height of the cloak (3mm) and 
higher than the height of the cavities (up to 1.36mm) and channels (up to 1.5mm) with respect to 
the bottom of the water tank. The pressure field in x-y direction was mapped by a hydrophone 
(RESON TC4038-1), which was mounted on the linear translation stage. Since the water must be 
the only medium of transfer for the ultrasound wave, the transducer and the hydrophone were 
placed at the distance of 1mm away from the bottom of the water tank in order to reduce any 
misreading of the propagating wave via the glass surface bottom. The hydrophone measured the 
pressure field in the area where the wave propagated behind the acoustic cloak, since the 
pressure field in that area provided enough information to compare the scattering effects with the 
restoring effects. After the hydrophone read the pressure field in the water, the signal was 
amplified by Stanford research systems (Model SR650) and sent to a digital oscilloscope to save 
the data into the computer for post processing. The LabVIEW program was customized and 
optimized to operate the translation stage, oscilloscope, and data acquisition in sequence, shown 
in Figure 8.  
15 
 
     
Figure 8. (A) Picture of the acoustic experimental set up. (B) The sequence of acquiring experimental data. 
 
For the two broken samples, all other conditions remained the same as the original 
acoustic cloak experiment, save for replacing the acoustic cloak for broken cloaks. The pressure 
field was measured in different directions of the broken or open part. The 0 degree denoted that 
the missing part faced the transducer. For the partial broken sample, the pressure field was 
measured at 0 and 180 degrees while the missing part was rotated counterclockwise. Also, the 
one-eighth opening sample was rotated counterclockwise and the pressure was measured at 0, 45, 
90, 135, 180, 225, 270, 315 and 360 degrees. The effects of defects in the cloak were 
investigated by the rotational measurement. The MATLAB program was used to plot 2-
dimensional pressure fields with wave trajectories. The raw pressure data that the oscilloscope 
read from the hydrophone were the spatio-temporal data. Therefore, the pressure values at the 
same times but different locations were collected and mapped in two dimensions by the 
MATLAB program. Via the adjusting of the color of the contour in the pressure field map, the 
wave trajectory of broken samples was compared to the original one.  
Function Generator I 
Generate a periodic 
square purse at 1 Hz 
Function Generator 
II 
triggered by the 
square pulse, 
generate 20 periods 
of the sine wave to 
drive the transducer 
At the same time, 
the Oscilloscope is 
triggered by the 
square pulse to 
record the signal 
from amplifier 
The data, pressure 
field at one position 
as function of time, 
is downloaded to 
computer from 
Oscilloscope as text 
file  
A hydrophone is 
moved to one 
position to another 
position in order to 
measure the pressure 
field. The acquired 
pressure pulse is sent 
to Oscilloscope 
(A) (B) 
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CHAPTER 4 
 
RESULTS AND DISCUSSION 
The 2-D pressure fields were measured in different conditions to demonstrate the 
performance of the acoustic cloak. The trajectory of the point source was mapped in Figure 9(A). 
Since there was no object in the tank, the wave was propagating without any distortions. The 
point source, without any obstacles, should generate spherical wave propagation, and our 
experimentally measured pressure field of the point source exactly matched the theoretical 
concern. This verified that our experimental set up was proper in order to measure the pressure 
field with the point source. As the steel cylinder was placed in the water tank, the pressure plot 
indicated considerable scattering and shadowing at 60 kHz as shown in Figure 9(B). On the other 
hand, when we placed the steel cylinder with the metamaterial acoustic cloak, the wave 
trajectory was reconstructed behind the cloak area even though there were very small distortions 
in the cylindrical wave fronts, as shown in Figure 9(C). Comparing Figures 9(B) and (C), the 
wave pressure was significantly restored by surrounding the object with the cloak, especially 
between 100 and 200 mm along the x-axis where the wave was scattered by the cylindrical 
object. The restored area in Figure 9(C) had similar wave propagation with the point source 
measurement in Figure 9(A). As a result, the object was hidden by the metamaterial acoustic 
cloak and was invisible by the hydrophone measurement.  
In Figure 9(D), the object was a cylindrical aluminum disk with the same size as the 
acoustic cloak. A large shadow behind the disk was observed due to the scattering. This was 
convincing that the designed acoustic metamaterial exhibited a novel property, hiding object in 
our case, modifying the structures of the materials rather than compositions, as the metamaterial 
are usually defined.  
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Figure 9.  Measured pressure fields with a point ultrasound source. (A) No object exists. (B) The steel cylinder 
placed between point source and a hydrophone. (C) The acoustic cloak surrounding the steel cylinder. (D) The flat 
aluminum plate with the same size of cloak. 
 
The broken samples were investigated in order to explore the capability of hiding objects when 
the acoustic cloak lacked a certain amount of the metamaterial structures. The partially broken 
acoustic cloak was placed in the water tank and rotated in 2 different directions. The pressure 
fields were also measured in order to observe the effects of the defects on cloaking performance. 
In Figure 9(A), the pressure field plot of object was the only case. The relatively high-pressure 
drop was observed since the wave was scattered by the object. Enclosing the object with a 
partially damaged acoustic cloak also reduced this scattering and shadowing effect. In Figures 
10(B) and (C), the broken part of cloak was placed in 180 and 0 degree rotation from the sources 
respectively. In comparing the scattering effect to the case A, the wave trajectory was observed 
to be restored in both Figures 10(B) and (C), but a significant cloaking effect was observed in 
Figure 10(C), where the defects were directed toward the point source. Figure 10(C) could be 
(A) 
(C) 
(B) 
(D) 
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comparable to the original cloaking performance, as shown in Figure 10(D). It was demonstrated 
that the acoustic cloak with some defects was still functional as a cloak but the performance of 
the cloak depended on the direction of the defects.  
 
 
Figure 10. Measured pressure field (A) Steel cylinder only. (B) The broken part placed against the point source. (C) 
The defects rotated toward the point source. (D) Original cloak enclosing steel cylinder. 
 
 
Figure 11. Measured pressure field in different rotation of the opening part. 
 
 
 
(A) (B) 
(C) (D) 
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For the other broken sample, the pressure field was measured in different rotations of the missing 
part, as shown in Figure 11. The bottom center was the starting point for a counterclockwise 
rotation, zero degree point, where the opening part was directed toward a point source. Some 
shadowing and scattering effects were observed in a 0 degree rotation. However, it still operated 
as an acoustic cloak when compared to the pressure plot of object without an acoustic cloak in 
Figure 10(A). In a similar way, the wave at the 180 degree rotation point was also scattered and 
shadowed, but the scattering angle was narrowed down, and the centerline of x-axis was more 
restored than zero degree point. Furthermore, as the direction of the opening part changed, the 
restored and scattered area in the pressure plot showed itself to be dependent. In comparing 
pressure plots at a 90 degree and 270 degree rotation in Figure 10, the shadows also shifted from 
the right to the left side. Otherwise, most of the restored area appeared in the opposite side of the 
opening direction. These observations are preliminary results of the directional effects of a 
broken acoustic cloak.  However, we can still estimate and investigate the defects of acoustic 
scattering in a cloak based on the behavior of pressure plots. 
 
Figure 12. Simulation results for an opening in the acoustic cloaking device at different rotations. 
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The simulation with a one-eighth opening of an acoustic cloaking device in different rotations 
was done in COMSOL Multiphysics in order to estimate the pressure response of the cloak with 
the desired defect. The simulation is based on the experimental parameters, which is the reduced 
parameters for the acoustic cloak. The pressure fields behind the cloaking device in Figure 12 
showed strong agreement with our experimental measurements. The pressure field plotted can be 
modified to the scattering field distribution plots by subtracting the incident wave from the total 
wave distribution. 
                                                                               (5) 
 The scattering field distributions for the opening cloaking device in different directions were 
plotted in Figure 13 and 14. The only experimental region was plotted in the Figure 13 but the 
whole region of the simulation domain was considered in the Figure 14. The red dot in Figure 14 
is the point source of the spherical incident wave and some of the reflected wave was observed in 
the whole domain plot.  
 
Figure 13. Simulation results for scattering field behind the cloak device. 
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Figure 14. Simulation results for scattering field in the whole simulation domain. 
 
In addition, the quantitative comparisons between simulation and experimental results in 
different rotations were plotted in Figure 15. The comparison was dependent on the angles from -
30 to 30 degree. The black line and red dot indicated the simulation and experimental results 
respectively. In 0 and 180 degree rotations of the broken cloak, the angular intensities of both 
experiments and simulations significantly decreased around 0 angles but increased as the angles 
increased from the origin. As the angles increased from -3 to 3 degree, the experimental intensity 
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around 0 angles decreased in 45 degree rotation but increased in 315 degree rotation. Similarly, 
the experimental results behaved quite symmetric between 90 and 270 degree and between 135 
and 225 degree as simulations did. In conclusion, the intensity profiles of the experiments were 
comparable to the simulations and both angular dependent results were symmetry in rotations. 
 
Figure 15.Quantitative comparison of angular dependent analysis within the different rotations of the broken cloak. 
 
Since the direction of the scattering after the device was determined by the rotations of the 
opening part, the study of the angular dependence is also important and it is done by the 
COMSOL simulations. Before plotting the scattering field angular dependence of the broken 
device, the comparisons of the simulation results of the original cloak device between ideal 
parameters from transformation optics and reduced parameters in the experiment were plotted in 
Figure 16 and 17. The reduced parameters in Figure 7 (C) were considered to reduce the 
complexity of design parameters from the transformation optics. The ideal parameters of the 
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original cloaking device were simulated in Figure 16. The scattering field in the ideal cloak case 
is very small and isotropic, which means the object can be effectively cloaked. On the other hand, 
the scattering field angular dependence in the reduced parameters case is not isotropic, which 
means the cloaking functionality of the device was not perfect but practical because the cloaking 
device was designed by using reduced parameters. So the Figure 17 is the reference point of our 
broken cloaking device experiments. 
 
Figure 16. Simulation results for the original cloaking device with ideal parameters from transformation optics.  
(A) Field distribution, (B) Scattering field distribution, (C) Scattering field angular dependence 
 
 
 
Figure 17. Simulation results for the original cloaking device with reduced parameters in the experiment. 
(A) Field distribution, (B) Scattering field distribution, (C) Scattering field angular dependence 
 
(A) (B) (C) 
(A) (B) (C) 
24 
 
 
Figure 18. Simulation results for the random rotation of the broken cloaking device with reduced parameters in the 
experiment. (A) Intensity distribution, (B) Scattering field distribution, (C) Scattering field angular dependence 
 
The simulation result of the broken device in random rotation was plotted in the Figure 18. The 
intensity and scattering field distributions in 135° rotation from the source were described and 
the scattering field angular dependence indicated strong scattering in the same direction of the 
rotation. In conclusion, the direction of the opening part of the cloaking device determines the 
direction of the scattering wave after passing the cloaking device.  
Those simulation results indicate that the opening part of broken cloaking device induced the 
scattering field in distribution plot and angular dependence plot. In other words, the broken part 
can be treated as a fan-shape scattering object with position dependent parameters, in Figure 19.  
 
Figure 19. Mathematical transformation from broken cloaking device to fan-shape scattering objects. 
 
(A) (B) (C) 
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For the ideal cloaking parameters, the region 1 can be expressed as the region 1’, which is the 
background, by the coordinate transformation, A. Similarly, the region 2 can be expressed as the 
region 2’, which has new parameters. Since the region 2 and region 1’ are the same as the 
background, water for our experiment, the region 2’ can be expressed as a function of the 
background parameters in Equation 7.  
 
The following two simulation results in Figure 20 and 21 were the demonstration of the 
scattering effects of corresponding parameters in region 2’. The simulations in Figure 20 were 
done by the ideal cloak parameters, in Equation 6. In the same manner, the plots in Figure 21 
were simulated by the corresponding parameters.  
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Figure 20. Simulation results for the broken cloaking device with ideal cloaking parameter in 90 degree rotation. 
(A) Field distribution, (B) Scattering field distribution, (C) Scattering field angular dependence 
 Figure 21. Simulation results for the broken cloaking device with corresponding parameter in 90 degree rotation. 
(A) Field distribution, (B) Scattering field distribution, (C) Scattering field angular dependence 
 
The distributions and angular dependences were analogous to one another, which mean the 
corresponding parameters were equivalent to the opening part of broken device. Consequently, 
the fan-shape scattering object can be made with the corresponding parameters to verify 
experimentally that the broken cloaking device can be replaced by another object which can be 
applied to demonstrate the acoustic illusion.  
  
(A) (B) (C) 
(A) (B) (C) 
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CHAPTER 5 
 
CONCLUSION 
The original acoustic cloak was made by a mechanical machining process that took more than 3 
weeks and 2000 dollars. In order to investigate the defects of acoustic scattering on a cloak, 
many samples of acoustic cloaks were needed, but cost and time limited our experiments. 
Therefore, the mold-and-cast method was inspired to make replicas of the acoustic cloak. Using 
PDMS and a mold-release agent, trichlorosilane, the reusable PDMS mold was created with the 
micro-size of metamaterial network imprinted on the PDMS.  The low melting point material, 
CerroBend (70°C), was poured into the PDMS mold while it was molten. This process took 20 
hours and cost only 50 dollars to make an exact replica of an acoustic cloak. Some damaged 
replicas were prepared in order to investigate defects in the cloak, and the performance of the 
broken cloak was estimated by the acoustic measurement in the water at an operating frequency 
of 60 kHz. We demonstrated that the broken device could accomplish the cloaking function 
depending on the different rotations of the defects. Also the simulation results supported the 
experimental measurements. 
Moreover, this study of microcasting processes for mass production and the investigation 
of the defects in an acoustic cloak may be applied to an understanding of the broken symmetric 
effects of acoustic metamaterial.  
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APPENDIX A. 
 
INFORMATION ABOUT DOW CORNING BRAND SILICONE ENCAPSULANTS 
Silicones and Electronics 
Long-term, reliable protection of sensitive circuits and components is becoming more important 
in many of today’s delicate and demanding electronic applications. Silicone encapsulants provide 
unparalleled protection for electronic modules and devices ranging from relatively simple to 
highly complex architectures and geometries. Silicones function as durable dielectric insulation, 
as barriers against environmental contaminants, and as stress-relieving shock and vibration 
absorbers over a wide temperature and humidity range. In addition to sustaining their physical 
and electrical properties over a broad range of operating conditions, silicones are resistant to 
ozone and ultraviolet degradation and have good chemical stability. The Dow Corning 
encapsulant family offers many choices to customize or tune product usage and performance for 
your specific application. 
 
DESCRIPTION 
Dow Corning®  silicone encapsulants or pottants are supplied as two-part liquid component kits 
comprised of:  
Mix Ratio Components (by weight or volume) (as supplied)  
1:1 Part A/Part B 
10:1 Base/Curing agent 
When liquid components are thoroughly mixed, the mixture cures to a flexible elastomer, which 
is suited for the protection of electrical/electronic applications. 
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Dow Corning silicone encapsulants cure without exotherm at a constant rate regardless of 
sectional thickness or degree of confinement. 
Dow Corning silicone elastomers require no post cure and can be placed in service immediately 
following the completion of the cure schedule with an operating temperature range of -45 to 
200°C (-49 to 392°F). Several products enable easy rework and repair. Select materials have 
been classified by Underwriters Laboratories and/or meet military specifications. Standard 
silicone encapsulants require a surface treatment with a primer in addition to good cleaning for 
adhesion while primerless silicone encapsulants require only good cleaning. 
 
Table A.1 Sylgard 186 Silicone Elastomer Cure Temperatures and Time 
Temperature Time 
20 °C 48hrs 
100 °C 25mins 
150 °C 15mins 
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APPENDIX B. 
 
 
ACOUSTIC PRESSURE FIELD PLOT WITH MATLAB 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Define the variables and make 3 dimensionally stacked data 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
clear all 
clc 
num_x=61; 
num_y=31; 
num_step=50000; 
delt_x=5; 
delt_y=5; 
delt_t=6e-7; 
   
xlin =0:delt_x :(num_x-1) *delt_x; 
ylin =0:delt_y :(num_y-1) *delt_y; 
[X,Y] = meshgrid(xlin,ylin); 
  
  
  
for nx=0:num_x-1 
    for ny=0:num_y-1 
        filename = 
strcat('Cloak_61x31_',[num2str(ny)],'_',[num2str(nx)],'.txt'); 
%       fid = fopen(filename); 
        temp1=load(filename); 
       % temp2=abs(temp1(:,3)).^2; 
       % P_total(ny+1,nx+1)= sum(temp2)/num_step; 
        P_SIG1(ny+1,nx+1,:)=(temp1(1:2:1e4,3)); 
    end  
end  
save P_SIG1    
   
 
 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Pressure field plot at different time step and pick a certain step  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for step=2000 
    for i=1:num_y 
        for j=1:num_x 
            P_snapshot(i,j)=P_SIG1(i,j,step)/0.3; 
        end 
    end 
   
   figure1 = figure('PaperPosition',[0.6345 6.345 20.3 
15.23],'PaperSize',[20.98 29.68]); 
   axes1 = axes('Parent',figure1); 
   %axes1=axes('CameraUpVector',[0 1 0]); 
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   zlim(axes1,[-1 1]); 
   caxis(axes1,[-1 1]); 
   %grid(axes1,'on'); 
   hold(axes1,'on'); 
   xlabel(axes1,'X(mm)'); 
   ylabel(axes1,'Y(mm)'); 
   title(axes1,strcat('Step=',[num2str(step)])); 
   h=surf(X,Y,P_snapshot,'FaceColor','interp','LineStyle','none'); 
   saveas(h,strcat('60K_20P',[num2str(step)],'.jpg')); 
end 
 
 
